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Abstract 
We develop the thermo-dynamical model for the application in nuclear fission and give expressions for 
the determination of the temperature of the micro-canonical ensemble of fission products. With the 
temperature the distribution functions for excitation energy and spin in the fission fragments are specified. 
The knowledge of the entry states in terms of excitation and spin allows the further use of the statistical 
model to calculate characteristics of neutron evaporation and prompt gamma decay. We propose a 
versatile spectrometer to test the model via the measurement of the decay characteristics. 
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1. Introduction 
   The statistical model in nuclear physics allows the calculation of the population characteristics of entry 
states in nuclear fission products if the following assumptions are made, see ref Faust [1]: 
 
a) The probability of decay of the actinide compound nucleus can be split into two functions, one 
describing the mass and nuclear charge distribution, and the second describing excitation and  
angular momentum of the fission products.        
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b) There is no truncation of the available phase space concerning energy and spin distributions by               
selection rules. Stated differently, all nuclear levels on the fission products have the same weight 
independent of quantum numbers or parity. 
 
     If both assumptions are true, the population of excited states in fission products can be calculated on 
the basis of the second law of thermodynamics via the entropy. If applying thermodynamics in nuclear 
physics we are dealing with a micro-canonical ensemble, which is composed in nuclear fission from 
fragments of one kind, originating from compound nuclei (actinides) with the same nuclear mass and 
charge number and being at the same excitation state (e.g. fission of 235U(n,f), following thermal neutron 
capture, leading to fission products of 142Ba). It is furthermore required that nuclear fission is a one-step 
process, from a well-defined initial state to the final state. Then the probability of population of excited 
states in fission products is proportional to the density of the number of states in a given energy interval. 
We will assume that the final states are excited states in the fission product, which are post scission point, 
where the fragments are therefore no longer interacting. Furthermore we assume that fission follows 
standard nuclear physics, and that therefore it is possible to use nuclear level density parameters, which 
have been derived from standard nuclear physics experiments and models. 
2. Calculation of the entry states 
The probability W of a system to decay is connected to the entropy S via 
 
SeconstW ⋅=                                                                       (1) 
 
The entropy S for a micro-canonical ensemble is calculated straightforward from the number of excited 
states, taken in an energy interval dE*.   
 
      ρln⋅= constS                                                                     (2) 
 
Here ρ is the level density, which in its most simple form, is given by the Fermi expression 
 
  )2exp()( TXEaTXE ⋅=ρ                                                            (3) 
 
The level density parameter  is, in general, determined from experiment, or calculated, mostly on the 
basis of a microscopic-macroscopic model, TXE is the total excitation energy of both fission products. 
For a micro-canonical ensemble the only thermodynamic variable, which can be calculated is the 
temperature, which provides the link to the entropy 
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The standard convention in nuclear physics is to take the constant k=1, in order to have the temperature T 
in units of MeV. We will specify in the next section where the derivative with respect to the excitation has 
to be performed. 
Having calculated the nuclear temperature we can express excitation energy and spin population in fission 
products with the help of thermodynamics. The equation for excitation energy reads 
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Bethe gave an expression for the spin population in nuclei on the basis of the sequence of shell model 
states [2]: 
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with J being the fragment spin and sigma the so-called spin cut off parameter 
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The spin cut off parameter is dependent on the level density parameter, the temperature, and the mass 
number of the fragment. 
3. Level density parameter and nuclear temperature 
Eq. 4 gives the way the nuclear temperature is connected to the entropy. In order to compute the value, 
the level density of the combined system of both fission products must be known. The level density 
parameter a of the combined system is calculated under the usual assumption that level density 
parameters are additive. It is in general assumed that the level density parameter is a function of the 
fragment excitation energy. A simple parameterization is given by Ignatyuk [3], if the level density is 
given by a macroscopic-microscopic model:  
 
aaZAa δ+= ~),(         .                                                       (8) 
 
The macroscopic part of the level density parameter  is proportional to the mass number of the fission 
product, whereas  is the shell correction part, which is subject to attenuation at higher fragment 
excitation energies: 
 
0aa δδ ⋅Θ=    and   ** /)]exp(.1[ EEγ−−=Θ    .                                (9) 
 
The shell correction to the level density at low excitation  is attenuated by a correction term with the 
attenuation coefficient γ=0.06/MeV.  
For fission products it is important to specify nuclear mass and nuclear charge number, since level density 
parameters depend sensitively on both values. The level density parameter is the important quantity 
entering both distributions, the excitation energy and the spin distribution for the fragments. The level 
density parameter as function of fragment mass has a saw tooth shape, and this behaviour will be found in 
both distributions. Excitation and spin are highest around mass region A=120, and are lowest near double 
magic 132Sn. 
   In order to calculate the temperature it has to be specified at which excitation energy the derivative of 
the level density has to be performed. In nuclear fission kT has to be evaluated in the maximum of the 
TXE distribution. This maximum may be measured, e.g. via the determination of the total fragment 
kinetic energy TKE. On a general term the TXE distribution (or consequently the TKE distribution) must 
be obtained via a decay law for the fission process, which is, actually, not known. 
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Inserting the Fermi gas expression for the level density we get 
 
  
a
TXEkT =                     .                                              (11a) 
 
If a single value for the fragment kinetic energy is measured the application of the conservation laws lead 
to 
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with Q the reaction Q-value in the fission process for a fragmentation in fragment masses A1 and A2, and 
Ekin the measured value of the single fragment kinetic energy. 
 
With the specification of the temperature of the statistical ensemble the entry states of a fission product 
are completely specified. The maxima of the distributions for excitation energy and spin are calculated to 
be  
 
                                                         < E1
* >  =  a1 ⋅ kT 2                                                                            (12) 
                                                            < J >  =  σ 2 −  0.5                                                                     (13) 
 
Typical values for fission products are 10-20MeV for excitation and 5ħ-8ħ of angular momentum. 
If more sophisticated expressions for the level density are used, e.g. the back shifted Fermi gas model to 
account for the depletion of nuclear levels due to pairing at low excitations, this expression changes, see 
Gilbert and Cameron [4].  
4. The decay of the entry states 
   The entry state distribution for a given fission product can be probed by measuring the decay. Due to 
the high excitation energy the populated states are far above the neutron binding energy, and the first 
decays proceed mostly by neutron emission. Successive decay products are then statistical gamma rays of 
E1 and M1 multipole character, until a level on the Yrast line is reached. Decays of the entry states are 
best calculated by using the statistical model in nuclear physics too. (e.g. PACE II). 
As long as the excitation energy of subsequent daughter nuclei is above the neutron binding energy, most 
likely neutron emissions will take place. From (HI, xn)-reactions we know of a simple relationship to 
estimate the neutron multiplicity for a primary fragment at excitation energy  E* 
  
                                                                   
Mn =
E*− < Eγ >
Sn +En           .                                                          (13) 
 
nE  is of order 0.4 MeV, >< γE is the mean gamma energy which is emitted from the fission product and 
is of order 4 MeV. nS  is the mean neutron binding energy in fission product and has a value of about 6.5 
MeV. At energies, which are typical for fission products the neutron is emitted as s-wave and does not 
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take away angular momentum, apart from its intrinsic spin. The consequence is that the spin distributions 
stay about the same also in the daughter nucleus. If the excitation energy of the daughter nucleus falls 
below the neutron binding energy, neutron emission is no longer possible, and gamma emission takes 
over. The nucleus emits one or two quanta of E1 or M1 character, which will populate lower states in the 
fragment statistically, until the Yrast line is reached. The maximum spin taken away by the statistical 
gamma emission is 1, and also here, as was the case for neutron decay, the spin distribution is not altered 
drastically. γ-decay probabilities are mostly estimated according to Weisskopf, and emission probabilities 
for E1 and M1 transitions are proportional to 3γE , which ensures a good population of the Yrast band as 
lowest rotational band in nuclei. Once the Yrast band is reached the γ- de-excitation is mostly by 
stretched transitions of E2 and M1 character. As a consequence of the decay pattern for neutron and 
gamma decay it is possible to deduce fragment spins of the primary fragment from the population of 
isomeric states, or from the population characteristics of the Yrast band.
 
5. The advantages to proceed via the temperature in the statistical model 
    The advantage of the temperature concept in the statistical model lies in the possibilities to describe the 
distribution functions for excitation energy in composite systems. Basically all participants of the system 
are at the same temperature, and it is possible to directly write down the distribution functions for 
excitation and spin of the various particles involved. Further observable like kinetic energy distributions 
are then calculated by applying the conservation laws for total energy, derived from the Q-value, 
momentum conservation and angular momentum conservation [1]. In binary decays this is 
straightforward. In nuclear fission the temperature description is the simplest applicable model to obtain 
the diverse distribution functions for both fragments.  
For simpler decays than fission the usefulness of the temperature picture is questionable. In general, to 
obtain the temperature value the decay law must be known. For neutron emission the decay law reads 
 
)()( ** EEQW ρ⋅−∝                                                          (14) 
 
By inserting the usual expression for the level density the maximum of the distribution function can be 
determined. To proceed to the calculation of the temperature the logarithm of the decay probability is 
taken, and the derivative yields 
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The last term here represents the inverse of the temperature, which is determined at the maximum of the 
distribution, where the derivative of lnW is zero. With the definition of the temperature by the derivative 
this yields 
*
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=
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 or  
                                                                       kT =  < En >           . 
 
The temperature in the neutron evaporation process for excited fragments corresponds to the kinetic 
energy of the neutrons at the maximum of the neutron distribution. Using the temperature, neutron 
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emission probabilities are given by 
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with nE being the kinetic energy of the neutron emitted from the compound fission product. 1kT  
corresponds to the nuclear temperature of the daughter nucleus, after emission of the neutron. This 
temperature is different, however, from the temperature that was calculated for the entry states. In general 
each successive neutron emission decreases the temperature. 
With the Weisskopf estimates the spectrum of the primary gamma rays can be directly obtained from a 
given entry state. In general very few statistical gamma rays are emitted, before the Yrast line or a slightly 
higher lying rotational band is reached. Most gamma rays emitted along the Yrast line are of stretched E2 
or M1 character. The mean number of those gammas correspond to the mean fragment spin, if the decay 
is via ΔJ=1 transitions along the Yrast line, or to J/2 for stretched E2 transitions with ΔJ=2. Following the 
de-excitation of the primary fragments by neutron and gamma emission to the ground state a couple of 
beta decay processes proceeds. 
6. FIPPS – A new spectrometer to probe entry states in fission products 
The statistical model completely describes the entry states of nuclear fission fragments, and further gives 
all information for the decay of the states. In order to test the validity of the statistical model for fragment 
excitation and fragment de-excitation, gamma and neutron spectroscopy has to be performed. 
Furthermore the mass and nuclear charge of the fission fragment, as well as the temperature of the 
statistical ensemble has to be known. The simplest method to determine the temperature is the 
measurement of the single fragment kinetic energy, either of the fragment in question, or of the 
complementary fragment. By using momentum and energy conservation TKE, TXE and therefore kT can 
be determined. The mass of the fragment is best determined via the deflection in a gas filled magnet, 
which has focussing characteristics with respect to ion charge and velocity. The single fragment kinetic 
energy is found by a velocity measurement of the fragment via a time of flight determination, before 
entering the gas filled section. 
A gas filled magnet has different advantages for fission fragment spectroscopy. The first one is its 
focusing characteristic for the ionic charge distribution of the fragment. Within the gas fragments will 
acquire a mean ionic charge, which depends on the fragment velocity and on the fragment nuclear charge. 
It is expected that also the velocity spread of fission fragments is reduced due to the Bethe-Bloch stopping 
along the trajectory of the fragment in the gas filled section. Last not least a reasonable solid angle can be 
obtained by using a larger magnet gap. 
The three equations, which are necessary to describe the ion path in a gas filled magnet, are the deflection 
in the magnetic field 
 
  
><
><⋅⋅=
q
vAconstBρ                   ,                                             (18) 
 
with B the magnetic field, ρ the bending radius , A is the fragment mass and <v> and <q> are the mean 
velocity and the mean ion charge along the particle track. The calculation of the mean velocity of the 
incident particle is done with the help of the Bethe-Bloch equation 
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where L is the stopping number which is composed of two terms: 
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The latter equation represents the relativistic correction to the stopping number, with β=v/c .The 
calculation of the mean fragment charge <q> along the particle track in the gas is subject to many 
discussions. The most convenient parameterization is given by Betz [5]: 
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The equation has three constants, which are dependent on the filling gas (C), the ion charge (γ) , and the 
gas pressure (α).  In order to calculate ion tracks in a gas filled magnet the path is divided in small steps, 
and for each step the velocity, the ion charge and the bending radius has to be determined.  
 
The layout of the new spectrometer to measure prompt decay in nuclear fission is sketched in Fig 1. The 
important point here is that the gas filled magnet will act as a filter for fission products with (A,Z). Gating 
of prompt gamma spectra with the analysed fission product should allow to set a further gate on a ground 
state transition in a given fission product. Then prompt decay can be evaluated as function of fragment 
mass and nuclear charge, and via the measurement of the fragment velocity before the magnet section, 
which allows the temperature for the decay to be known. 
In order to investigate focusing and dispersive characteristics of a gas filled magnet first experiments have 
been done on the LOHENGRIN spectrometer at the Institut Laue-Langevin in Grenoble. The spectrometer 
allows the selection of a fission product specified in mass, ionic charge and kinetic energy. This fission 
product then enters the gas filled section, and is focused onto an ionization chamber, which measures the 
residual energy. To further specify the nuclear charge of the fission product isomeric decays have been 
selected, where the decay was detected via two clover germanium detectors. Dependent on the filling gas, 
the gas pressure, and the initial kinetic energy, the deflection radius of different fission products could be 
determined. First results indicate that the use of a gas filled magnet as a fission product filter has 
considerable advantages, if higher gas pressures are used, and approximately 50 per cent of the initial 
kinetic energy is lost in the gas.  
7. Conclusions  
       We have developed the thermo-dynamical model for a consistent description for excitation, kinetic 
energy and spin in fission fragments. In order to test the model a new spectrometer is proposed to detect 
the prompt gamma decay and neutron decay in fission products. First experiments have been carried out 
on the LOHENGRIN-spectrometer and promising results have been obtained.  
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Figure 1: Spectrometer layout of the FIPPS-set-up. The spectrometer will be positioned on an external neutron beam, and will 
consist of an actinide target surrounded by HPGe detectors. While one of both fission products is stopped in the thick backing, the 
complementary one will be analyzed in velocity, in mass and nuclear charge in a gas filled magnet, before being recorded in an 
ionization chamber. 
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